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Abstract Thermal flying height control has recently been
implemented in magnetic recording disk drives to reduce
the flying height at the read/write element of magnetic
recording sliders. This paper investigates the effect of air
bearing contour design on thermal pole-tip protrusion and
flying characteristics of magnetic recording sliders. A
number of air bearing surface designs are examined to
study the relationship between air bearing surface design
and efficiency of thermal pole-tip protrusion.
1 Introduction
Thermal flying height control (TFC) sliders have recently
been implemented in magnetic recording disk drives (Suk
et al. 2005; Kurita et al. 2005). Thermal flying height
control sliders use a small resistance heater incorporated
near the read/write element to change the contour of the
slider, thereby controlling the flying height of the slider.
The heat conducted from the resistance heater in the slider
to the disk surface is a function of the flying height and the
air bearing pressure distribution between the slider and the
rotating disk (Zhou et al. 2008). In order to increase the
efficiency of thermal flying height control sliders it is
important to optimize the air bearing design of the air
bearing surface (ABS) of the slider.
Juang and Bogy (2007) and Liu et al. (2008) found that a
small isolated air bearing trailing pad supporting the read/
write element of the slider improves the thermal actuation
efficiency of the TFC slider since it generates little air
bearing pressure. A pad structure featuring trenches was
proposed by Gonzaga and Liu (2009). The triangular pro-
file of the latter design was found to minimize the pressure
build-up over the isolated pad, thereby improving thermal
protrusion and actuation efficiency.
This paper investigates the effect of air bearing geom-
etry on the thermal protrusion and the actuation efficiency
of magnetic recording sliders with flying heights in the sub-
10 nm range. The effect of the size of the trailing pad, the
effect of multiple trailing pads as well as the effect of the
size and location of side and leading pad is studied. Design
principles are discussed to achieve maximum thermal
protrusion and actuation efficiency.
2 Model and numerical simulation
Figure 1 illustrates the slider/disk interface including all
important parameters. Since the energy dissipated in the
thin air bearing film is small compared to the energy
conducted to the disk (Zhang and Body 1999), the heat flux
between slider and disk can be expressed as
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qðxÞ ¼ k Td  Ts
hðxÞ þ 2  b  kðxÞ ð1Þ
where k is the thermal conductivity of air, while Ts and Td
represent the surface temperature of the slider and the disk,
respectively. In eq. 1, h(x) is the local spacing between
slider and disk and k(x) is the pressure and temperature
dependent local mean free path of air. The constant b is
given by
b ¼ 2  ð2  rTÞ  c
rT  ðc þ 1Þ  Pr; ð2Þ
where c is the specific heat capacity ratio, rT is the thermal
accommodation coefficient and Pr is the Prandtl number.
Chen et al. (2009) proposed an improved and validated
model recently. Further models to calculate the heat flux
between slider and disk can be found in Zhou et al. (2008).
To perform the numerical analysis, an ‘‘automated’’
simulation code was developed consisting of the following
steps. First, the air bearing contour was modeled and
meshed. Thereafter, the pressure distribution and the
steady-state flying height were obtained using a finite ele-
ment solution of the Reynolds equations (Wahl et al. 1996).
In the next step, the heat transfer coefficient was calculated.
The results from this calculation were used as boundary
condition in the finite element thermal-structure simula-
tion, providing temperature, and thermal deformation of
the slider. Using the information about the deformed slider,
we re-calculated the pressure distribution and flying height,
determined the heat transfer coefficient again and re-cal-
culated the thermal deformation of the slider. This process
was repeated until convergence was achieved Li et al.
(2009). The basic simulation procedure is illustrated in
Fig. 2.
3 Results and discussion
3.1 Reference design
Design-A in Fig. 3 is the basis for all air bearing surface
designs investigated in this paper. This design is a sub-
ambient tri-pad air bearing design consisting of one leading
pad, two side pads and one trailing pad. The trailing pad
contains the read/write elements and the heating coil. In all
air bearing surface designs presented, the type of shading
and the color used correspond to a particular etch depth
of the respective surface measured from the trailing pad.
In particular, the yellow and gray surfaces refer to an
etch depth from the trailing pad of 0.15 and 2.5 lm,
respectively.
Figure 4 shows the pressure distribution and the heat
transfer coefficient for the air bearing surface Design-A
without and with thermal protrusion. We observe that both
the pressure and the heat transfer coefficient are elevated at
the read/write element after activation, i.e. both values are
approximately 40% higher than in the case where no
activation is present. Clearly, the reason for this increase is
a consequence of the contour change due to the thermal
change of the geometry at the read/write element. The
Fig. 1 Slider-disk interface
Fig. 2 Basic simulation procedure
Fig. 3 Reference air bearing surface design (Design-A)
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thermal displacement causes a pressure increase and flying
height reduction, which causes the heat transfer coefficient
to increase. As a result, the heat loss from the slider to the
disk is increased.
Figure 5 shows the center line flying height profile before
and after thermal activation. We observe that during thermal
activation the flying height is reduced to about 7.9 nm. We
also observe that the read/write element is at the lowest point
of the slider during thermal protrusion. Compared to the
results without thermal activation, where the trailing edge of
the trailing pad is the lowest point, this result shows a signif-
icant improvement, i.e. the flying height of the read/write
element has decreased from about 13 nm to about 7.9 nm
corresponding to a flying height reduction (DFH) of 5.1 nm.
In evaluating the change of the heat transfer coefficient,
we note that a large heat transfer coefficient at the read/
write element is undesirable since high heat transfer coef-
ficients reduce the temperature of the slider and therefore
the efficiency of the thermal activation. Equation 1 reveals
that the heat flux decreases with decreasing air bearing
pressure, since the local mean free path k(x) is inversely
proportional to the local air bearing pressure p(x). In order
to improve the thermal deformation it is important to find
air bearing surface designs that reduce the pressure at the
read/write element and thus reduce the heat flux between
slider and disk.
3.2 Additional trailing pad
Design-B shows a different layout with an ‘additional
trailing pad’ [see Fig. 6a (red pad)]. The original trailing
Fig. 4 Distribution of a air bearing pressure and b heat transfer coefficient before/after protrusion (Design-A)
Fig. 5 Center line flying height profile of tailing pad before/after
protrusion
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pad is moved upstream and an additional pad is added close
to the trailing edge. This additional pad is just large enough
to house the read/write elements and the heater. Further-
more, the size of the leading pad is reduced to decrease the
pitch angle of the slider.
As a result of this change one can see that the pressure
increase at the trailing pad prior to thermal activation is
similar to that of Design-A. However, the pressure increase
at the additional pad is very small. Since the additional pad
carries the read/write element, we note that the pressure at
the read/write element is reduced to about 90% of the value
of Design-A even though the overall maximum pressure is
found to increase by about 20%. Compared to Design-A,
we observe from Fig. 7a that the heat transfer coefficient is
reduced by about 80% at the read/write element. At the
same time the flying height is reduced by about 4.5 nm.
The addition of an isolated small pad, as shown in
Design-B, represents one way to reduce the pressure at the
read/write element. However, the improved performance
for thermal pole-tip control is obtained at the expense of
the ability of the slider to follow disk waviness. In par-
ticular, since the slider in Design-B is supported by a pad
that does not carry the read/write element, this design is not
ideal with respect to following the disk waviness. Distur-
bances in the disk surface will likely make contact with the
low-pressure additional pad at the trailing edge, thereby
causing increased flying height modulation at the read/
write element. This is a potential disadvantage especially if
Fig. 6 Slider ABS designs and
their air bearing pressure
distribution
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the flying height is reduced to about 3 nm due to the
increased risk of slider-disk contacts.
3.3 Long side pads
Design-C uses a different approach to reduce the pressure
by introducing long side pads. The side pads are extended
to the trailing edge and the size of the leading pad is
decreased to lower the flying height. The size of the trailing
pad is reduced but is still sufficiently large to support the
read/write elements.
This design produces a different pressure profile. On
the long side pads the pressure is building up to a max-
imum value of about 2.8e?6 Pa which is twice the
maximum pressure of Design-A. The reason for this high
pressure is related to the lower flying height of the side
pads compared to the trailing pad of Design-A. As a
result the flying height of the trailing pad is reduced to
about 9.3 nm.
It is import to look at the pressure distribution (Fig. 6b).
The pressure can build up on the side pads over a distance
of the order of the length of the slider. The trailing pad, on
the other hand, is short compared to the length of the side
pads. Thus, there is less distance for the pressure to build
up. The low pressure will cause a low value of the heat
transfer coefficient at that location. As expected, Fig. 7b
shows a low heat transfer coefficient at the read/write
element and a high heat transfer coefficient at the side pads.
Again, the important location to look at for the TFC slider
is the location of the read/write element. The heat transfer
coefficient is about 75% lower compared to Design-A and
comparable to that for Design-B. Design-C is less affected
by flying height modulations compared to Design-A since
the supporting high pressure peaks of the side pads are
Fig. 7 Distribution of the heat transfer coefficient of ABS designs in Fig. 6
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located at the same distance from the leading edge as the
read/write element is.
Design-D is very similar to Design-C. The main
difference is that the side pads are separated into two dif-
ferent sections by introducing a gap close to the trailing
edge. The intention of implementing this gap was to
investigate whether the location of the pressure peaks can
be varied by adding gaps to the pads. We observe from
Fig. 6c that the gaps have only a small effect on the pressure
at the trailing pad although they caused a reduction in the
flying height by about 2 nm compared to Design-C.
To reduce the effect of roll motion during slider-disk
contacts, it seems desirable to move the pressure peaks of
the side pads as close as possible to the trailing pad without
increasing the pressure at the read/write element.
3.4 Additional middle pads
In Design-E the side pads of the previous designs are
removed and two middle pads are added right next to the
trailing pad (Design-E1). To keep the advantages of
Design-C and Design-D, the middle pads end at the trailing
edge of the slider. In this case the pressure at the trailing
pad shows a higher value than at the middle pads. This is
not a good approach to reduce the heat transfer coefficient.
Compared to former designs the flying height is relatively
high. This is the reason for the low maximum pressure for
this design.
For Design-E2 the leading pad size is reduced and the
middle pad is made narrower and longer to decrease
the flying height. We observe that the trailing pad is the
location with the highest pressure peak and that the shape
of the pressure peak has changed. In particular, we do not
observe a single maximum in the center of the trailing pad
but rather two maxima that are located at the outside
regions of the trailing pad. In fact, the longer middle
pads seem to shift the position of the maximum pressure.
Figure 9b shows that we also observe two maxima for the
heat transfer coefficient.
From Design-E2 we have observed that an increase in
the length of the middle pads moves the pressure peak
away from the trailing pad. We have therefore extended the
middle pads in Design-E3 all the way to the leading pad to
see how this design modification affects the pressure dis-
tribution. We observe that the flying height of the slider is
about 4.2 nm. The high pressure peaks have moved to the
middle pads and the pressure at the trailing pad is reduced
(Fig. 8c). Furthermore, the overall maximum pressure is
reduced even though the flying height is decreased. The
heat transfer coefficient shows a similar behavior with a
relatively low heat transfer coefficient at the trailing pad
and a higher one at the middle pads (Fig. 9c).
From Design-E1/E2/E3 one can conclude that an
increased length of the middle pads will decrease the
pressure at the trailing pad. On the other hand, decreasing
the length will cause a pressure increase at the trailing
pad.
Fig. 8 Slider ABS designs and their air bearing pressure distribution
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3.5 Center recess/pad
The designs in this section will focus on ways to further
decrease the pressure at the read/write element. Design-E4
is based on Design-E3. A recess of 300 nm depth is added
in the center between the middle pads (see Fig. 8d, red
area).
The recess shifts the pressure from the trailing pad to the
middle pads. At the middle pads the pressure is increased
compared to Design-E3 but at the trailing pad it is
decreased. At the same time the flying height is increased
by about 1.2 nm. The question arises whether the pressure
drop at the trailing pad is due to the increased flying height.
Although this is a possible reason, we note that the pressure
Fig. 9 Distribution of the heat transfer coefficient of ABS designs in Fig. 9
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at the middle pads is increased even though the flying
height of the middle pads is increased. This fact shows that
the increased flying height cannot be the only reason for the
pressure drop. In any case, a pressure shift from the trailing
pad to the middle pads can be observed. In addition, the
heat transfer coefficient (Fig. 9d) at the read/write element
is reduced to about 70% of the value for Design-E3.
Design-E5 is similar to Design-E4, except that the
center recess of Design-E4 is modified to a raised pad of
300 nm height. As a result the opposite effect of Design-E4
can be observed. Compared to Design-E3 the flying height
is decreased by about 0.7 nm and the pressure at the
trailing pad is increased. On the other hand, the pressure at
the trailing edge of the middle pads is decreased. This
implies that in contrast to a recess between the middle
pads, a raised pad causes a shift of the pressure to the
trailing pad, increasing the heat transfer coefficient at the
read/write element (Fig. 9e).
4 Conclusion
In this study, the effect of air bearing contour design on the
efficiency of thermal activation in TFC sliders was inves-
tigated. The results show that the heat flux between the disk
and the pad carrying the read/write element should be as
small as possible. By changing the layout of the air bearing
surface it is possible to move the pressure distribution
within the air bearing. Using different pad shapes and pad
sizes we have shown that it is possible to reduce the
pressure at the read/write element as well as the heat flux
coefficient at the same location. We also have shown that
location and shape of the pads have major influence on the
flying characteristics.
To achieve desirable flying characteristics it is important
to place the side pads as close as possible to the read/write
element without causing the pressure at the read/write
element to increase. Moving the pads as close as possible
to the read/write element without causing an increase in the
pressure at the read/write element defines the challenge for
air bearing designers of TFC sliders. This challenge is
equivalent to the trade-off between flying characteristic and
energy efficiency of a slider.
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